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Interleukin-15  (IL-15)  is  generally  considered  to  sustain  T-cell  memory  and  to  be  a  growth  factor  for  natural 
killer  cells.  Previous  data  from  our  laboratory  demonstrated  that  IL-15  is  also  an  important  factor  for 
developing  human  dendritic  cells.  For  this  study,  we  investigated  the  effects  of  IL-15  on  antibody  responses  in 
mice  to  a  recombinant  staphylococcal  enterotoxin  B  (SEB)  vaccine  (STEBVax)  in  a  preclinical  model  of  toxic 
shock  syndrome  induced  by  SEB.  We  observed  that  mouse  spleen  cells  treated  with  IL-15  in  ex  vivo  culture 
gained  a  dendritic  cell-like  phenotype.  Administration  of  IL-15  to  mice  also  resulted  in  an  increased  number 
of  mature  CDllc+  dendritic  cells  in  mouse  spleens.  A  significant,  IL-15  dose-dependent  increase  in  antigen- 
specific  antibody  was  observed  after  coadministration  with  the  vaccine  and  an  afuminum-based  adjuvant 
(aihydrogei).  Furthermore,  the  coadministration  of  IL-15  with  STEBVax  and  alhydrogel  also  protected  mice 
from  lethal  toxic  shock  above  the  levels  that  obtained  without  IL-15.  Thus,  the  vaccine  response  enhanced  by 
IL-15  appears  to  be  mediated  by  mature  dendritic  cells  and  results  in  prevalent  seroconversion  to  Th2- 
dependent  antibodies.  This  suggests  a  potential  use  of  IL-15  as  an  adjuvant  for  antibody-dependent  responses 
to  vaccines. 


Interleukin-15  (IL-15)  plays  a  pivotal  role  in  the  regula¬ 
tion  of  innate  and  adaptive  immunity  because  of  its  effect  on 
both  lymph-  and  bone  marrow-derived  cells  of  the  immune 
system  (5,  29,  41).  Most  reports  indicate  an  immune  mod¬ 
ulator  function  for  IL-15.  For  example,  exogenous  adminis¬ 
tration  of  recombinant  IL-15  before  infection  with  Salmo¬ 
nella  enterica,  Toxoplasma  gondii,  Plasmodium  falciparum,  or 
Cryptococcus  neoformans  improves  host  defense  against,  and 
clearance  of,  the  invading  organisms  (10,  12,  18,  22).  Sys¬ 
temic  administration  of  IL-15  to  mice  augments  the  antigen- 
specific  primary  CD8+  T-cell  response  after  vaccination 
with  peptide-pulsed  dendritic  cells  (DC)  (27).  In  vivo  ex¬ 
pression  of  IL-15  in  transgenic  mice  after  the  inoculation  of 
Mycobacterium  bovis  bacillus  Calmette-Guerin  (BCG)  24 
weeks  earlier  elicited  resistance  against  airborne  infection 
with  Mycobacterium  tuberculosis,  accompanied  by  an  in¬ 
creased  CD8+  T-cell  response  (39).  In  addition,  IL-15  has 
been  shown  to  have  a  major  impact  on  natural  killer  cells 
and  natural  killer  T  cells,  further  influencing  immune  regu¬ 
lation  (19,  24).  Other  reports  also  indicate  that  IL-15  is 
crucial  for  the  maintenance  of  CD8+/high-expression  CD44 
memory  phenotype  T  cells,  natural  killer  cells,  and  CD8+ 
memory  T  cells  (15,  31,  40).  Thus,  accumulating  evidence 
suggests  that  the  effects  of  IL-15  are  directed  toward  cellular 
immunity  and  result  in  the  modulation  of  survival  and  the 
cycling  of  established  memory  cell  populations  (7,  13,  33). 

The  IL-15  message  has  been  found  in  a  variety  of  cell 
types  (9,  21),  while  IL-15  protein  is  secreted  at  low  levels. 
The  highest  expression  levels  are  found  in  monocytic  cells, 
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including  DC  (7).  It  has  been  proposed  that  DC-derived 
IL-15  serves  as  a  positive-feedback  signal  for  DC  activation 
and  maturation  to  promote  DC-T-cell  interactions  in  the 
context  of  T-cell-dependent  specific  immune  responses  (28). 
Further,  IL-15  was  reported  to  be  involved  in  an  autocrine 
loop  that  was  resistant  to  the  apoptosis  that  accompanies 
the  maturation  process  of  DC  in  vitro  (7).  It  was  also  re¬ 
ported  that  the  transduction  of  DC  with  the  IL-15  gene 
markedly  stimulates  DC  function  and  protects  them  from 
tumor-induced  apoptosis  (35).  Recent  reports  suggest  that 
IL-15  is  produced  by  follicular  DC  (FDC),  captured  by 
IL-15  receptor  alpha  of  FDC/HK,  and  trawv-presented  to 
germinal-center  (GC)  B  cells  and  that,  as  a  result  of  the 
franx-presentation,  it  supports  proliferation  and  immune 
modulation  (25,  30).  These  findings  indicate  that  IL-15  may 
also  influence  B  cells  and  DC  (4,  16,  36).  Whether  or  not 
IL-15  contributes  to  the  functional  activity  of  DC  in  vivo  for 
inducing  antigen-specific  humoral  immunity  was  not  previ¬ 
ously  assessed.  STEBVax  is  a  recombinant  staphylococcal 
enterotoxin  B  (SEB)  vaccine  used  for  the  prevention  of  toxic 
shock  syndrome  and  certain  infections  caused  by  Staphylo¬ 
coccus  aureus.  Earlier  work  from  our  laboratory  showed  that 
IL-15-induced  human  mature  DC  support  STEBVax-spe- 
cific  T-cell  responses  ex  vivo  (29).  For  this  murine  study,  we 
investigated  the  effects  of  IL-15  on  DC  maturation  as  well  as 
the  ability  of  IL-15  to  serve  as  a  DC  activator  and  thereby 
augment  antibody  responses  to  STEBVax.  The  results  indi¬ 
cate  that  IL-15  enhanced  the  protective  antibody  response 
and  that  DC  maturation  induced  by  IL-15  was  partially 
responsible  for  the  enhancement. 

MATERIALS  AND  METHODS 

SEB  vaccine  and  reagents.  The  recombinant  SEB  vaccine  B899445C  (STEBVax), 
previously  reported,  was  prepared  under  Good  Manufacturing  Practice  (39b) 
conditions,  as  described  previously  (6,  38).  Mouse  IL-15  was  purchased  from 
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FIG.  1.  Expansion  and  condensation  of  lysosomes  in  mouse  monocytes  treated  in  culture  with  IL-15.  Spleen  cells  isolated  from  normal  BALB/c 
mice  were  cultured  with  IL-15  (100  ng/ml)  for  48  h.  LysoTracker  and  Hoechst  dye  were  added  to  the  culture,  and  cells  were  examined  for 
morphological  changes.  (A)  IL-15  induced  many  acidic  organelles  (red)  in  spleen  cells  with  an  extended,  DC-like  shape  as  shown  in  the  composite 
image  in  this  panel.  (B)  In  vitro  spleen  cells  cultured  with  IL-15  induced  greater  cell  surface  expression  of  33D1, 1-Ad,  and  CD86  than  spleen  cells 
cultured  without  IL-15.  Thin  lines  in  the  histograms  represent  staining  with  isotype-matched  control  antibodies,  while  thick  lines  represent  staining 
with  the  indicated  antibodies.  (C)  CDllc-positive  cells  cultured  with  IL-15  acquired  a  mature-DC  shape.  Bars  in  panels  A  and  C,  5  p.m. 
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PeproTech,  Inc.  (Rocky  Hill,  NJ).  Solvent-extracted  lipopolysaccharide  (LPS) 
was  obtained  from  InvivoGen  (San  Diego,  CA).  LysoTracker  and  Hoechst  dye 
were  obtained  from  Molecular  Probes  (Eugene,  OR).  Rat  anti-mouse  DC  (clone 
33D1)  marker  (monoclonal  antibody  33Dl-biotin;  rat  immunoglobulin  G2b 
[IgG2b])  was  purchased  from  Leinco  Technologies,  Inc.  (St.  Louis,  MO).  Goat 
anti-rat  IgG  fluorescein  isothiocyanate  (FITC)-labeled  streptavidin  was  pur¬ 
chased  from  Becton  Dickinson  (BD)  Pharmingen  (San  Diego,  CA).  FITC-la- 
beled  CD  11c,  I-Ad,  and  CD86  were  also  purchased  from  BD  Pharmingen. 
Isotyping  kits  for  mouse  antibody  were  purchased  from  Bio-Rad  (Hercules,  CA). 

Vaccinations.  Pathogen-free  male  BALB/c  mice,  6  to  8  weeks  old,  were  ob¬ 
tained  from  Charles  River  Laboratories  (NCI — Frederick,  Frederick,  MD).  The 
mice  were  maintained  under  pathogen-free  conditions  and  fed  laboratory  chow 
and  water  ad  libitum.  For  measuring  antibody  responses,  mice  were  inoculated 
with  10  |xg  of  STEBVax  on  days  0, 14,  and  28  either  without  an  adjuvant,  with  the 
adjuvant  alone,  or  with  the  adjuvant  and  IL-15  (0.1  p.g,  0.5  |ig,  or  5  p-g/mouse) 
in  phosphate-buffered  saline  (PBS).  The  STEBVax  was  formulated  (i)  in  50  mM 
glycine,  0.9%  NaCl  at  pH  8.3  either  without  the  adjuvant  or  with  the  Good 
Manufacturing  Practice  aluminum  hydroxide  adjuvant  alhydrogel  (Superfos  Bio¬ 
sector,  Kvistgaard,  Denmark)  at  a  7:1  (wt/wt)  ratio  of  aluminum  to  antigen  or  (ii) 
with  70  jxg  of  solvent-extracted  LPS  (InvivoGen,  San  Diego,  CA).  Injections  (100 
|xl,  intramuscular)  were  given  in  the  upper  thigh  on  each  hind  leg  by  using  a 
standard  1-ml  syringe  with  a  30-gauge  needle  (BD,  Franklin  Lakes,  NJ).  Blood 
was  collected  from  the  tail  vein  on  days  10,  24,  and  38  for  serum  antibody 
determinations. 

SEB  challenge.  The  mice  were  challenged  intraperitoneally  (i.p.)  on  day  42 
with  60  50%  lethal  doses  (LD50)  or  10  LD50  of  wild-type  SEB  (DSTL,  Salisbury, 
United  Kingdom),  followed  4  h  later  with  a  potentiating  i.p.  injection  of  70  |xg 
LPS  (200  pi  of  PBS  containing  70  p,g  of  LPS/mouse)  from  Escherichia  coli  type 
055:B5  (Difco,  Detroit,  MI),  as  described  previously  (32).  Survival  was  recorded 
for  7  days  after  the  challenge.  Challenge  controls  were  age-matched  mice  in¬ 
jected  with  either  LPS  or  SEB  only. 

Antibody  determinations.  Titers  of  serum  antibodies  were  determined  by 
enzyme-linked  immunosorbent  assay  (ELISA).  Immulon  2HB  96-well  plates 
(MTX  Lab  Systems,  Vienna,  VA)  were  coated  with  2  p-g/ml  of  STEBVax  in  PBS 
(pH  7.4)  and  incubated  for  1.5  h  at  37°C.  The  plates  were  washed  three  times 
with  0.1%  Tween  20  in  PBS  and  blocked  with  0.2%  (wt/vol)  casein  in  PBS  (1.5 
h  at  37°C).  After  three  washes,  serially  diluted  serum  samples  in  0.02%  casein- 
PBS  were  incubated  for  1.5  h  at  37°C.  The  plates  were  washed  again  three  times, 
goat  anti-mouse  IgG  (Sigma,  St.  Louis,  MO)  conjugated  to  horseradish  peroxi¬ 
dase  was  added  at  a  1:15,000  dilution  in  0.02%  casein-PBS,  and  the  plates  were 
incubated  for  1.5  h  at  37°C.  After  a  wash,  the  plates  were  developed  for  30  min 
at  room  temperature  with  3,3',5,5'-tetramethylbenzidine  and  the  absorbances 
determined  at  650  nm. 

For  determining  antibody  isotypes  in  serum,  an  ELISA  was  performed  by 
using  the  Bio-Rad  isotyping  kit  according  to  the  manufacturer’s  protocol.  Briefly, 
antigen  (STEBVax)-coated  wells  were  allowed  to  react  with  mouse  antiserum 
and  then  with  appropriate  rabbit  anti-mouse  antibody  isotypes.  Immunoglobulin 
class  types  were  then  determined  with  goat  anti-rabbit  (H-t-L)-horseradish  per¬ 
oxidase  conjugate.  Serum  antibody  titers  were  determined  as  reciprocal  endpoint 
dilutions  (means  ±  standard  errors  of  the  means  [SEM])  from  a  linear  plot  (i.e., 
the  dilution  required  for  readings  to  reach  values  corresponding  to  absorbance  at 
the  background  of  about  0.028). 

Spleen  cell  isolation  and  purification  of  CDllc.  Spleens  were  removed  asep- 
tically  from  euthanized  mice.  Single-cell  suspensions  were  prepared  by  lysing  red 
blood  cells  by  using  ammonium  chloride-potassium  lysing  buffer  (Cambrex, 
Walkersville,  MD),  followed  by  several  washings.  Spleen  cells  were  then  cultured 
with  or  without  IL-15.  For  isolating  CDllc-positive  cells,  spleen  cells  were 
suspended  (108  cells/400  p,l)  in  cold  PBS  supplemented  with  2  mM  EDTA  and 
0.5%  bovine  serum  albumin  (fraction  V;  Sigma-Aldrich,  St.  Louis,  MO).  Para¬ 
magnetic  beads  coated  with  anti-CDllc  (Miltenyi  Biotec,  Auburn,  CA)  were 
mixed  with  spleen  cells  (108  cells/100  |xl).  The  antibody-labeled  cells  were  incu¬ 
bated  for  15  min  (4°C),  washed,  and  passed  through  a  type  LS  or  MS  iron  fiber 
column  placed  within  a  strong  magnetic  field  (Miltenyi  Biotec).  CDllc-positive 
cells  bound  to  the  column  were  eluted  with  buffer.  Spleen  cells  or  selected  CDllc 
cells  were  cultured  with  IL-15  in  RPMI 1640  medium  containing  L-glutamine  and 
5%  fetal  bovine  serum. 

Flow  cytometry.  To  examine  cell  surface  expression  of  proteins  on  mouse 
spleen  cells,  the  cells  were  incubated  (20  min,  4°C)  with  FcR  blocking  reagent 
(Miltenyi  Biotech  Inc.),  washed  twice  with  Hanks’  balanced  salt  solution  con¬ 
taining  1%  bovine  serum  albumin,  and  then  incubated  (30  min,  4°C)  with  FITC- 
labeled  or  phycoerythrin  (PE)-labeled  control  or  isotype-matched  monoclonal 
antibodies.  For  unlabeled  monoclonal  antibodies  (detecting  33D1,  CD86,  CD40, 
and  I-Ad),  cells  were  first  incubated  (30  min,  4°C)  with  primary  antibody,  washed 


Hours  after  IL-15  administration 

FIG.  2.  Administration  of  IL-15-induced  CDllc+,  33D1+,  and 
both  CDllc+  and  33D1  1  DC  in  mouse  spleen.  BALB/c  mice  were 
injected  with  IL-15  (0.5  p,g/mouse,  i.p.);  spleens  were  collected  at  24  h, 
48  h,  and  72  h;  and  spleen  cells  were  labeled  with  FITC-conjugated 
antibody  to  CDllc  or  33D1  and  then  with  FITC-labeled  secondary 
antibody  or  isotype-matched  control  antibody.  Cells  positive  for 
CDllc,  33D1,  and  both  CDllc  and  33D1  were  detected  by  flow  cy¬ 
tometry  through  the  acquisition  of  10,000  events  from  the  labeled  cell 
populations.  Data  are  presented  as  percentages  of  increase  by  sub¬ 
tracting  the  values  for  untreated  controls  from  each  data  point.  Results 
showed  that  IL-15  administration  increased  the  numbers  of  cells  pos¬ 
itive  for  CDllc  and  33D1,  as  well  as  for  CDllc  and  33D1,  in  the 
spleen.  A  chi-square  test  of  statistical  analysis  comparing  the  propor¬ 
tions  of  positive  cells  either  within  each  time  point  or  within  each 
group  showed  a  significant  difference  in  the  proportions  of  positive 
cells  between  the  IL-15-treated  group  and  the  untreated  group  ( P  £ 
0.005). 


briefly  by  centrifugation,  and  then  incubated  with  goat  anti-mouse  IgG  (FITC  or 
PE  conjugated).  Unbound  antibody  was  removed  by  washing  the  cells  with 
Hanks’  balanced  salt  solution  (4°C)  and  centrifugation.  After  two  additional 
washes,  the  labeled  cells  were  fixed  with  1%  paraformaldehyde  in  PBS,  and  the 
cell-associated  immunofluorescence  was  measured  by  flow  cytometry  (FACScan; 
Becton  Dickinson,  San  Jose,  CA). 

RESULTS 

Mouse  spleen  cells  cultured  with  IL-15  acquire  character¬ 
istics  of  mature  DC.  Our  previous  results  showed  that  human 
monocytes  are  transformed  by  IL-15  into  mature  DC  that 
stimulate  antigen-specific  T-cell  responses  in  vitro  (29).  We 
first  examined  whether  mouse  IL-15  would  exert  a  similar 
effect  on  mouse  monocytes  in  culture.  Monocytes  were  isolated 
from  spleen  cells  by  plastic  adherence  and  treated  with  IL-15. 
We  observed  by  LysoTracker  staining  and  confocal  microscopy 
that  the  majority  of  IL-15-treated  cells  in  culture  appeared 
large  and  with  extended  shapes  and  contained  many  acidic 
organelles  compared  to  untreated  controls  (Fig.  1A).  We  also 
noticed  that  IL-15-treated  monocytic  cells  possessed  a  modest 
increase  in  the  cell  surface  expression  of  I-Ad,  CD86,  and  33D1 
compared  to  that  in  untreated  controls  (Fig.  IB).  These  pre¬ 
liminary  results  confirmed  that  spleen  cells  acquired  a  DC-like 
phenotype  when  cultured  with  IL-15  and  prompted  us  to  ex¬ 
amine  CDllc-positive  cells.  Purified  CDllc-positive  cells, 
when  cultured  with  IL-15,  similarly  underwent  morphological 
changes  resulting  in  mature  DC  (Fig.  1C),  and  no  change  in  the 
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FIG.  3.  IL-15  augmented  vaccine-specific  antibody  titers  and  serocon¬ 
version  to  IgGl.  BALB/c  mice  were  injected  with  10  (eg  of  STEBVax,  143 
(eg  of  alhydrogel  (Alh),  and  0.1  p,g,  0.5  p.g,  or  5  jig  of  IL-15/mouse  in  a 
200- pi  volume  of  PBS.  The  ratio  of  vaccine  to  alhydrogel  was  1:7.14.  Mice 
were  injected  at  0,  14,  and  28  days,  and  blood  was  drawn  at  days  10,  24, 
and  38.  Total  serum  antibody  titers  were  measured  and  specific  antibody 
isotypes  were  determined  by  ELISA.  (A)  Total  serum  antibody  titers, 
including  those  of  IL-15  (5  pg/mouse).  An  analysis  of  variance  compari¬ 
son  at  each  time  point  showed  a  significant  difference  in  overall  IgG  titers 
between  alhydrogel/STEBVax  and  alhydrogel/STEBVax/IL-15  groups  af¬ 
ter  a  second  vaccination  ( P  £  0.0098)  and  third  vaccination  (P  £  0.0021). 
(B,  C,  and  D)  Titers  of  the  isotype-specific  antibody  at  different  doses  of 
IL-15  after  the  first,  second,  and  third  injections,  respectively.  (E)  Dose- 
dependent  IL-15  seroconversion  to  IgGl  with  each  injection.  An  analysis 
of  variance  with  vaccination  time  as  the  repeated  measure  showed  signif¬ 
icant  differences  in  seroconversion  IgGl  titers  between  IL-15  dose  groups 
(P  £  0.0002).  Post  hoc  comparison  tests  between  groups  after  each  vac¬ 
cination  showed  that  there  were  significant  differences  between  selected 
groups  at  each  of  the  three  time  points.  P  values  for  the  pairwise  com¬ 
parisons  of  IgGl  titers  at  specific  vaccination  time  points  are  shown  in 
Table  1. 
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expression  of  33D1  and  CDllc  was  observed  in  culture  (data 
not  shown).  These  results  suggest  that  IL-15  has  an  effect  on 
the  maturation  of  spleen  DC.  It  is  speculated  that  the  endog¬ 
enous  availability  of  IL-15  may  be  effective  in  inducing  the  DC 
maturation  that  led  us  to  examine  the  in  vivo  effect  of  IL-15  in 
mice. 

Administration  of  IL-15  to  mice  increased  the  maturation  of 
DC  and  expression  of  cell  surface  costimulatory  molecules. 

Next  we  examined  the  endogenous  effect  of  IL-15  on  the  mat¬ 
uration  of  DC  in  mouse  spleen  cells.  For  this,  spleen  cells  were 
isolated  from  IL-15-treated  mice  and  examined  for  their  DC 
number  by  analyzing  the  cell  surface  expression  markers 
CDllc  and  33D1  (26).  Increase  in  the  numbers  of  cells  positive 
for  CDllc  and  33D1,  as  well  as  for  CDllc  and  33D1  (doubly 
positive  cells),  were  detected  in  total  spleen  cell  populations 
(Fig.  2)  in  IL-15-treated  mice  compared  to  the  numbers  in  the 
control  (no  IL-15  treatment).  These  CDllc-  and  33Dl-positive 
spleen  DC  also  showed  an  increase  in  the  expression  of  I-Ad 
and  CD86  (data  not  shown).  In  addition,  we  examined  the 
effect  of  IL-15  on  spleen  DC  when  it  was  used  in  conjunction 
with  the  vaccine  STEBVax  (38)  and  an  adjuvant  (alhydrogel) 
used  in  humans.  In  vivo  administration  of  recombinant  IL-15 
with  STEBVax  and  alhydrogel  increased  the  number  of 
CDllc-positive  cells  expressing  costimulatory  molecules  in 
mouse  spleen  cells  compared  to  that  in  saline-treated  controls 
(data  not  shown).  These  results  suggest  that  the  intramuscular 
injection  into  mice  of  IL-15  either  alone  or  in  the  presence  of 
a  vaccine  and  an  adjuvant  resulted  in  more  mature  CDllc+ 
DC  from  the  spleen. 

Inclusion  of  IL-15  to  STEBVax  and  alhydrogel  increased 
STEBVax-specific  antibody  titers  and  seroconversion  to  IgGl. 

Earlier  results  from  our  laboratory  demonstrated  that  STEBVax 
administered  with  alhydrogel  protected  mice  from  a  lethal 
dose  of  SEB  toxin  by  stimulating  neutralizing  antibody  produc¬ 
tion  (38).  To  examine  the  capacity  of  IL-15  to  serve  as  a  DC 
activator  of  antibody  responses  to  STEBVax,  we  incorporated 
IL-15  in  an  alhydrogel-based  STEBVax  vaccination  regimen. 
Our  results  show  that  including  IL-15  with  STEBVax  increased 
serum  antibody  titers  with  each  vaccination  gradually  com¬ 
pared  to  results  with  STEBVax  and  alhydrogel  alone  (Fig.  3A). 
While  no  change  in  antibody  isotype  profile  was  observed  after 
the  first  dose  in  either  the  presence  or  absence  of  IL-15  (Fig. 
3A),  a  second  or  third  dose  significantly  shifted  the  response 
toward  an  IgGl  isotype  with  the  inclusion  of  IL-15  (Fig.  3B  and 
C).  This  predominant  isotype  class  switching  to  IgGl  and  the 
increase  in  IgGl  titers  were  concurrent  with  the  increase  in 
total  antibody  titers  (compare  Fig.  3B  with  Fig.  3C  and  D). 
Furthermore,  increased  antibody  titers  to  STEBVax  in  the 
presence  of  IL-15  progressively  led  to  a  Th2-type  response, 
with  predominant  antibody  class  switching  toward  IgGl  occur¬ 
ring  in  a  dose-dependent  manner  along  with  the  number  of 
vaccinations  (Fig.  3E).  These  results  suggested  that  increased 
Th2-type  responses  to  STEBVax  were  likely  attributed  to 
IL-15  by  activation  of  DC  because  the  endogenous  adminis¬ 
tration  of  IL-15  increased  CDllc+  mature  DC  in  mice. 

Coadministration  of  IL-15  with  STEBVax  and  alhydrogel 
increased  protection  from  a  lethal  SEB  challenge.  To  confirm 
that  increased  antibody  titers  correlated  with  protective  immu¬ 
nity,  we  measured  the  survival  of  mice  following  toxic  shock 
syndrome  induced  by  SEB  (32).  After  the  three  vaccinations 


TABLE  1.  P  values  for  the  pairwise  comparisons  of  IgGl  titers  at 
specific  vaccination  time  points 


Concn  of  IL-15  ((xg/mouse) 
used  in  comparison 

P  value  for  IgGl  titers  at  vaccination 
time": 

1 

2 

3 

0  vs  0.1 

0.5253 

0.0044 

0.0479 

0  vs  0.5 

0.9888 

0.0093 

0.0038 

0  vs  5 

0.0006 

<0.0001 

0.0055 

0.1  vs  0.5 

0.6978 

0.9266 

0.4388 

0.1  vs  5 

0.0029 

0.0014 

0.6028 

0.5  vs  5 

0.0009 

0.0007 

0.9836 

a  Values  in  boldface  type  are  significant.  Time  points  1,  2,  and  3  correspond  to 
0,  14,  and  28  days,  respectively. 


with  20  p,g  of  STEBVax,  formulated  with  alhydrogel  and  IL-15, 
mice  were  challenged  at  42  days  with  60  LD50  of  SEB  plus  LPS 
to  potentiate  toxicity  (32).  We  observed  80%  survival  from 
toxic  shock  for  mice  immunized  with  or  without  IL-15  (Fig. 
4A),  and  all  control  mice  that  were  challenged  with  either  LPS 
or  SEB  alone  survived.  To  demonstrate  increased  efficacy  with 
IL-15,  we  lowered  the  amount  of  vaccine  administered.  Mice 
received  three  vaccinations  with  5  p,g  of  STEBVax-formulated 
alhydrogel  with  IL-15  and  were  then  challenged  with  10  LD50 
of  SEB  (plus  LPS).  In  comparison  to  mice  vaccinated  with 
STEBVax  plus  alhydrogel,  mice  that  were  vaccinated  with 
STEBVax,  alhydrogel,  and  IL-15  showed  a  marked  increase  in 
protection  and  a  longer  survival  time  from  lethal  toxic  shock 
(Fig.  4B).  These  results  confirmed  that  IL-15  enhanced  both 
antibody  seroconversion  to  a  Th2-type  response  to  STEBVax 
and  protection  from  lethal  toxic  shock. 

DISCUSSION 

The  induction  of  long-lasting  cellular  immunity  by  IL-15  has 
been  studied  extensively  (20,  23).  However,  our  results  suggest 
that  IL-15  also  promotes  antibody  responses  through  a  mech¬ 
anism  linked  to  DC  maturation.  The  inclusion  of  recombinant 
IL-15  in  an  alhydrogel-based  vaccination  regimen  induced  the 
maturation  of  DC  and  augmented  vaccine-specific  protective 
immunity  (seroconversion  to  IgGl)  in  a  lethal  SEB  challenge. 
The  adjuvant-like  effects  of  IL-15  may  influence  antibody  re¬ 
sponses  at  several  levels.  For  example,  IL-15  enhances  prolif¬ 
eration  and  the  immunoglobulin  secretion  of  human  periph¬ 
eral  B  cells  (1,  2,  11),  inhibits  apoptosis  induced  by  anti-IgM 
(3),  and  induces  the  proliferation  of  malignant  B  cells  (34). 
Membrane-bound  IL-15  significantly  modulated  GC  B-cell  re¬ 
actions  (25).  The  presence  of  a  positive -feedback  mechanism 
between  GC  B  cells  and  FDC  is  plausible  because  IL-15  re¬ 
portedly  increases  costimulatory  molecules  on  DC  by  means  of 
an  autocrine  loop  (28,  35). 

The  IL-15  mRNA  has  been  found  in  a  variety  of  cell  types 
(9).  However,  IL-15  protein  is  secreted  at  such  low  levels  that 
it  is  not  detectable  in  the  serum  under  physiological  conditions. 
It  was  suggested  that  the  induction  of  IL-15  and  the  IL-15 
receptor  establishes  an  autocrine  loop  that  is  essential  for  the 
survival  of  DC  (28,  17).  Our  results  show  that  the  endogenous 
administration  of  IL-15  increased  the  expression  of  costimula¬ 
tory  molecules  on  spleen  DC  and  that  this  increased  expression 
influences  vaccine-specific  antibody  conversion  to  IgGl  in  the 
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FIG.  4.  Coadministration  of  IL-15  with  STEBVax  and  alhydrogel 
(Alh)  increased  the  protection  of  mice  from  lethal  SEB  toxin  chal¬ 
lenge.  (A)  BALB/c  mice  were  vaccinated  with  20  p,g  of  the  vaccine 
(STEBVax),  143  p-g  of  alhydrogel,  and  0.1  pg  of  IL-15/mouse  in  a 
200-pl  volume  of  PBS.  Mice  were  injected  at  0,  15,  and  30  days  and 
then  challenged  first  with  SEB  (60  LD50)  and  then  with  LPS  (70 
pg/mouse)  4  h  later.  Survival  was  recorded  for  7  days  after  the  chal¬ 
lenge.  (B)  BALB/c  mice  were  vaccinated  with  5  pg  of  the  vaccine,  143 
pg  of  alhydrogel,  and  0.1  pg  of  IL-15/mouse  in  a  200-pl  volume  of 
PBS.  Mice  were  injected  at  0,  15,  and  30  days  and  then  challenged  first 
with  SEB  (10  LD50)  and  then  with  LPS  (70  pg/mouse)  4  h  later. 
Survival  was  recorded  for  7  days  after  challenge  by  monitoring  every 
12  h.  Kaplan-Meier  survival  analysis  showed  that  the  alhydrogel/ 
STEBVax  group  had  median  and  mean  survival  times  of  30  h  and 
34.8  h  (SEM,  7.0)  compared  to  those  of  the  alhydrogel/STEBVax/ 
IL-15  group,  which  had  median  and  mean  survival  times  of  36  and  82.8 
(SEM,  24.2),  respectively.  Comparison  of  survival  curves  between  the 
alhydrogel/STEBVax  and  alhhydrogel/STEBVax/IL-15  group  showed 
a  P  value  of  0.0877.  Challenge  controls  were  age-matched  mice  in¬ 
jected  with  either  LPS  or  SEB  only.  There  were  no  deaths  in  any  of  the 
challenge  control  groups  (SEB  or  LPS  only). 


presence  of  alhydrogel,  an  aluminum  hydroxide  adjuvant.  Ear¬ 
lier  reports  indicated  that  aluminum  hydroxide  stimulates  the 
increased  expression  of  major  histocompatibility  complex  class 
II  costimulatory  molecules  on  monocytes  and  proinflammatory 


cytokines  that  activate  T  cells  (37).  Further,  activated  Th2  cells 
release  IL-4,  which  suppresses  macrophage  growth,  increasing 
the  expression  of  major  histocompatibility  complex  class  II  and 
costimulatory  molecules  that  characteristically  lead  to  the  en¬ 
hanced  antigen-presenting  function  of  DC.  Our  results  could 
also  be  explained  by  a  synergistic  effect  between  IL-15  and 
alhydrogel,  which  directly  affects  B-cell  activation  and  leads  to 
enhanced  vaccine-specific  IgGl  responses.  B  cells  generally 
respond  to  vaccination  or  infection  by  diversifying  the  antibod¬ 
ies  that  they  produce  through  two  processes:  antibody  class 
switching  through  recombination  and  somatic  hypermutation 
of  their  antigen-binding  regions.  Somatic  hypermutation,  in 
conjunction  with  B-cell  selection,  results  in  the  increased  an¬ 
tigen-binding  ability  of  an  antibody.  It  is  interesting  that  the 
secretion  of  class-switched  antibodies  requires  additional  stim¬ 
ulation  upon  B-cell  antigen  receptor  engagement  and  exposure 
to  IL-15  (14). 

In  the  current  study,  our  results  showed  IL-15  enhancement 
of  STEBVax-specific  seroconversion  predominantly  to  IgGl, 
which  is  indicative  of  the  Th2-type  response.  Classical  adju¬ 
vants  were  presumed  to  activate  adaptive  immune  responses  by 
Toll-like  receptors  (TLRs)  (8).  However,  very  recent  reports 
challenge  the  notion  that  TLRs  are  not  the  essential  link  be¬ 
tween  the  innate  and  adaptive  immune  systems  where  classical 
adjuvants  are  concerned  (8).  Nevertheless,  adjuvants  or  immu- 
nostimulators  have  important  implications  as  vaccine  additives. 
Therefore,  immunomodulators  that  have  functions  other  than 
that  of  TLRs  and  contribute  to  the  enhancement  of  protective 
antibody  responses  to  vaccines  would  be  highly  desirable.  In 
this  study,  our  results  identified  the  immunostimulatory  func¬ 
tion  of  IL-15  that  enhanced  vaccine-specific  antibody  re¬ 
sponses.  This  raises  the  possibility  that  IL-15  may  serve  as  a 
potent  immunomodulator  that  broadens  immunity  by  aug¬ 
menting  responses  of  humoral,  as  well  as  cellular,  immunity. 

ACKNOWLEDGMENTS 

We  thank  Amy  Egnew  for  technical  assistance,  Larry  Ostby  for 
figure  preparation,  Sarah  Norris  for  statistical  analysis,  and  Bradley 
Stiles  for  critical  review  of  the  manuscript. 

Research  was  conducted  in  compliance  with  the  Animal  Welfare  Act 
(39a)  and  other  federal  statutes  and  regulations  relating  to  animals  and 
experiments  involving  animals  and  adhered  to  principles  stated  in  the 
Guide  for  the  Care  and  Use  of  Laboratory  Animals,  National  Research 
Council  (20a).  The  facility  where  this  research  was  conducted  is  fully 
accredited  by  the  Association  for  Assessment  and  Accreditation  of 
Laboratory  Animal  Care  International. 

Views  expressed  in  this  paper  are  ours  and  do  not  purport  to  reflect 
official  policy  of  the  U.S.  Government. 

REFERENCES 

1.  Armitage,  R.  J.,  B.  M.  Macduff,  J.  Eisenman,  R.  Paxton,  and  K.  H.  Grabstein. 

1995.  IL-15  has  stimulatory  activity  for  the  induction  of  B  cell  proliferation  and 
differentiation.  J.  Immunol.  154:483^490. 

2.  Bernasconi,  N.  L.,  E.  Traggiai,  and  A.  Lanzavecchia.  2002.  Maintenance  of 
serological  memory  by  polyclonal  activation  of  human  memory  B  cells. 
Science  298:2199-2202. 

3.  Bulfone-Paus,  S.,  D.  Ungureanu,  T.  Pohl,  G.  Lindner,  R.  Paus,  R.  Ruckert, 
H.  Krause,  and  U.  Kunzendorf.  1997.  Interleukin-15  protects  from  lethal 
apoptosis  in  vivo.  Nat.  Med.  3:1124-1128. 

4.  Bulfone-Paus,  S.,  H.  Durkop,  R.  Paus,  H.  Krause,  T.  Pohl,  and  A.  Onu.  1997. 
Differential  regulation  of  human  T  lymphoblast  functions  by  IL-2  and  IL-15. 
Cytokine  9:507-513. 

5.  Bykovskaia,  S.  N.,  M.  Buffo,  H.  Zhang,  M.  Bunker,  M.  L.  Levitt,  M.  Agha,  S. 
Marks,  C.  Evans,  P.  Ellis,  M.  R.  Shurin,  and  J.  Shogan.  1999.  The  genera¬ 
tion  of  human  dendritic  and  NK  cells  from  hemopoietic  progenitors  induced 
by  interleukin-15.  J.  Leukoc.  Biol.  66:659-666. 


Downloaded  from  cvi.asm.org  at  USAMRIID  on  February  4,  2008 


Vol.  15,  2008 


IL-15  ENHANCES  THE  Th2  RESPONSE  137 


6.  Coffman,  J.  D.,  J.  Zhu,  J.  M.  Roach,  S.  Bavari,  R.  G.  Ulrich,  and  S.  L. 
Giardina.  2002.  Production  and  purification  of  a  recombinant  staphylococcal 
enterotoxin  B  vaccine  candidate  expressed  in  Escherichia  coli.  Protein  Expr. 
Purif.  24:302-312. 

7.  Dubois,  S.  P.,  T.  A.  Waldmann,  and  J.  R.  Muller.  2005.  Survival  adjustment  of 
mature  dendritic  cells  by  IL-15.  Proc.  Natl.  Acad.  Sci.  USA  102:8662-8667. 

8.  Gavin,  A.  L.,  K.  Hoeba,  B.  Duong,  T.  Ota,  C.  Martin,  B.  Beutler,  and  D. 
Nemazee.  2006.  Adjuvant-enhanced  antibody  responses  in  the  absence  of 
toll-like  receptor  signaling.  Science  314:1936-1938. 

9.  Grabstein,  K.  H.,  J.  Eisenman,  K.  Shanebeck,  C.  Rauch,  S.  Srinivasan,  V. 
Fung,  C.  Beers,  J.  Richardson,  M.  A.  Schoenborn,  M.  Ahdieh,  L.  Johnson, 
M.  R.  Alderson,  J.  D.  Watson,  D.  M.  Anderson,  and  J.  G.  Giri.  1994.  Cloning 
of  a  T  cell  growth  factor  that  interacts  with  the  beta  chain  of  the  interleukin-2 
receptor.  Science  264:965-968. 

10.  Jullien,  D.,  P.  A.  Sieling,  K.  Uyemura,  N.  D.  Mar,  T.  H.  Rea,  and  R.  L. 
Modlin.  1997.  IL-15,  an  immuno-modulator  of  T  cell  responses  in  intracel¬ 
lular  infection.  J.  Immunol.  158:800-806. 

11.  Kacani,  L.,  G.  M.  Sprinzl,  A.  Erdei,  and  M.  P.  Dierich.  1999.  Interleukin-15 
enhances  HIV-l-driven  polyclonal  B-cell  response  in  vitro.  Exp.  Clin.  Im- 
munogenet.  16:162-172. 

12.  Khan,  I.  A.,  and  L.  H.  Kasper.  1996.  IL-15  augments  CD8+  T  cell-mediated  im¬ 
munity  against  Toxoplasma  gondii  infection  in  mice.  J.  Immunol.  157:2103-2108. 

13.  Ku,  C.  C.,  M.  Murakami,  A.  Sakamoto,  J.  Kappler,  and  P.  Marrack.  2000. 
Control  of  homeostasis  of  CD8+  memory  T  cells  by  opposing  cytokines. 
Science  288:675-688. 

14.  Litinskiy,  M.  B.,  B.  Nardelli,  D.  M.  Hilbert,  B.  He,  A.  Schaffer,  P.  Casali,  and 
A.  Cerutti.  2002.  DCs  induce  CD40-independent  immunoglobulin  class 
switching  through  BLyS  and  APRIL.  Nat.  Immunol.  3:822-829. 

15.  Liu,  C.-C.,  B.  Perussia,  and  J.  D.-E.  Young.  2000.  The  emerging  role  of  IL-15 
in  NK-cell  development.  Immunol.  Today  21:113-116. 

16.  Lodolce,  J.,  P.  Burkett,  R.  Koka,  D.  Boone,  M.  Chien,  F.  Chan,  M.  Madonia, 
S.  Chai,  and  A.  Ma.  2002.  Interleukin- 15  and  the  regulation  of  lymphoid 
homeostasis.  Mol.  Immunol.  39:537-544. 

17.  Mattei,  F.,  G.  Schiavoni,  F.  Belardelli,  and  D.  F.  Tough.  2001.  IL-15  is 
expressed  by  dendritic  cells  in  response  to  type  1  IFN,  double-stranded 
RNA,  or  lipopolysaccharides  and  promotes  dendritic  cell  activation.  J.  Im¬ 
munol.  167:1179-1187. 

18.  Mody,  C.  H.,  J.  C.  L.  Spurrell,  and  C.  J.  Wood.  1998.  Interleukin- 15  induces 
antimicrobial  activity  after  release  by  Cryptococcus  neoformans- stimulated 
monocytes.  J.  Infect.  Dis.  178:803-814. 

19.  Moretta,  A.  2002.  Natural  killer  cells  and  dendritic  cells:  rendezvous  in 
abused  tissues.  Nat.  Rev.  Immunol.  2:957-965. 

20.  Mueller,  Y.  M.,  C.  Petrovas,  P.  M.  Bojczuk,  I.  D.  Dimitriou,  B.  Beer,  P. 
Silvera,  F.  Villinger,  J.  S.  Cairns,  E.  J.  Gracely,  M.  G.  Lewis,  and  P.  D. 
Katsikis.  2005.  Interleukin-15  increases  effector  memory  CD8+  T  cells  and 
NK  cells  in  simian  immunodeficiency  virus-infected  macaques.  J.  Virol.  79: 
4877-4885. 

20a.NationaI  Research  Council.  1996.  Guide  for  the  care  and  use  of  laboratory 
animals.  National  Academy  Press,  Washington,  DC. 

21.  Neely,  G.  G.,  S.  M.  Robbins,  E.  K.  Amankwah,  S.  Epelman,  H.  Wong,  J.  C.  L. 
Spurrell,  K.  K.  Jandu,  W.  Zhu,  D.  K.  Fogg,  C.  B.  Brown,  and  C.  H.  Mody. 
2001.  Lipopolysaccharide-stimulated  or  granulocyte-macrophage  colony- 
stimulating  factor-stimulated  monocytes  rapidly  express  biologically  active 
IL-15  on  their  cell  surface  independent  of  new  protein  synthesis.  J.  Immunol. 
167:5011-5017. 

22.  Nishimura,  H.,  K.  Hiromatsu,  N.  Kobayashi,  K.  H.  Grabstein,  R.  Paxton,  K. 
Sugamura,  J.  A.  Bluestone,  and  Y.  Yoshikai.  1996.  IL-15  is  a  novel  growth 
factor  for  murine  gamma  delta  cells  induced  by  Salmonella  infection.  J.  Im¬ 
munol.  156:663-669. 

23.  Oh,  S.  K.,  J.  A.  Berzofsky,  D.  S.  Burke,  T.  A.  Waldmann,  and  L.  P.  Perera. 

2003.  Coadministration  of  HIV  vaccine  vectors  with  vaccinia  viruses  express¬ 
ing  IL-15  but  not  IL-2  induces  long-lasting  cellular  immunity.  Proc.  Natl. 
Acad.  Sci.  USA  100:3392-3397. 

24.  Ohteki,  T.  2002.  Critical  role  of  IL-15  in  innate  immunity.  Curr.  Mol.  Med.  2:317- 
380. 

25.  Park,  C.  S.,  S.  O.  Yoon,  R.  J.  Armitage,  and  Y.  S.  Choi.  2004.  Follicular 


dendritic  cells  produce  IL-15  that  enhances  germinal  center  B  cell  prolifer¬ 
ation  in  membrane-bound  form.  J.  Immunol.  173:6676-6683. 

26.  Pulendran,  B.,  J.  Lingappa,  M.  K.  Kennedy,  J.  Smith,  M.  Teepe,  A.  Rudensky, 
C.  R.  Maliszewski,  and  E.  Maraskovsky.  1997.  Developmental  pathways  of 
dendritic  cells  in  vivo:  distinct  function,  phenotype,  and  localization  of  dendritic 
cell  subsets  in  FLT3  ligand-treated  mice.  J.  Immunol.  159:2222-2231. 

27.  Rubinstein,  M.  P.,  A.  N.  Kadima,  M.  L.  Salem,  C.  L.  Nguyen,  W.  E.  Gillanders, 
and  D.  J.  Cole.  2002.  Systemic  administration  of  IL-15  augments  the  antigen- 
specific  primary  CD8+  T  cell  response  following  vaccination  with  peptide- 
pulsed  dendritic  cells.  J.  Immunol.  169:4928-4935. 

28.  Ruckert,  R.,  K.  Brandt,  E.  Bulanova,  F.  Mirghomizadeh,  R.  Paus,  and  S. 
Bulfone-Paus.  2003.  Dendritic  cell-derived  IL-15  controls  the  induction  of 
CD8  T  cell  immune  responses.  Eur.  J.  Immunol.  33:3493-3503. 

29.  Saikh,  K.  U.,  A.  S.  Khan,  T.  Kissner,  and  R.  G.  Ulrich.  2001.  IL-15-induced 
conversion  of  monocytes  to  mature  dendritic  cells.  Clin.  Exp.  Immunol. 
126:447-455. 

30.  Sandau,  M.  M.,  K.  S.  Schluns,  L.  Lefrancois,  and  S.  C.  Jameson.  2004. 
Cutting  edge:  transpresentation  of  IL-15  by  bone  marrow-derived  cells  ne¬ 
cessitates  expression  of  IL-15  and  IL-15R  alpha  by  the  same  cells.  J.  Immu¬ 
nol.  173:6537-6541. 

31.  Sprent,  J.  2003.  Turnover  of  memory-phenotype  CD8+  T  cells.  Microbes  Infect. 
5:227-231. 

32.  Stiles,  B.  G.,  S.  Bavari,  T.  Krakauer,  and  R.  G.  Ulrich.  1993.  Toxicity  of 
staphylococcal  enterotoxins  potentiated  by  lipopolysaccharide:  major  histo¬ 
compatibility  complex  class  II  molecule  dependency  and  cytokine  release. 
Infect.  Immun.  61:5333-5338. 

33.  Tan,  J.  T.,  B.  Ernst,  W.  C.  Kieper,  E.  LeRoy,  J.  Sprent,  and  C.  D.  Surh.  2002. 
Interleukin  (IL)-15  and  IL-7  jointly  regulate  homeostatic  proliferation  of 
memory  phenotype  CD8+  cells  but  are  not  required  for  memory  phenotype 
CD4+  cells.  J.  Exp.  Med.  195:1523-1532. 

34.  Tinhofer,  I.,  I.  Marschitz,  T.  Henn,  A.  Egle,  and  R.  Greil.  2000.  Expression  of 
functional  interleukin- 15  receptor  and  autocrine  production  of  interleukin-15  as 
mechanisms  of  tumor  propagation  in  multiple  myeloma.  Blood  95:610-618. 

35.  Tourkova,  I.  L.,  Z.  R.  Yurkovetsky,  A.  Gambotto,  V.  P.  Makarenkova,  L. 
Perez,  L.  Balkir,  P.  D.  Robbins,  M.  R.  Shurin,  and  G.  V.  Shurin.  2002. 
Increased  function  and  survival  of  IL-15-transduced  human  dendritic  cells 
are  mediated  by  up-regulation  of  IL-15  R  alpha  and  Bcl-2.  J.  Leukoc.  Biol. 
72:1037-1045. 

36.  Trentin,  L.,  R.  Zambello,  M.  Facco,  R.  Sancetta,  C.  Agostini,  and  G.  Semenzato. 

1997.  Interleukin- 15:  a  novel  cytokine  with  regulatory  properties  on  normal  and 
neoplastic  B  lymphocytes.  Leuk.  Lymphoma  27:35-42. 

37.  Ulanova,  M.,  A.  Tarkowski,  M.  Hahn-Zoric,  and  L.  A.  Hanson.  2001.  The 
common  vaccine  adjuvant  aluminum  hydroxide  up-regulates  accessory  prop¬ 
erties  of  human  monocytes  via  an  interleukin-4-dependent  mechanism.  In¬ 
fect.  Immun.  69:1151-1159. 

38.  Ulrich,  R.  G.,  S.  Bavari,  and  M.  A.  Olson.  1998.  Development  of  engineered 
vaccines  effective  against  structurally  related  bacterial  superantigens.  Vac¬ 
cine  16:1857-1864. 

39.  Umemura,  M.,  H.  Nishimura,  K.  Saito,  T.  Yajima,  G.  Matsuzaki,  S.  Mizuno, 
I.  Sugawara,  and  Y.  Yoshikai.  2003.  Interleukin- 15  as  an  immune  adjuvant  to 
increase  the  efficacy  of  Mycobacterium  bovis  bacillus  Calmette-Guerin  vac¬ 
cination.  Infect.  Immun.  71:6045-6048. 

39a.U.S.  Congress.  1990.  Animal  Welfare  Act  as  amended.  7  United  States  Code 
2131-2156. 

39b.U.S.  Food  and  Drug  Administration.  2002.  Good  Manufacturing  Practice/ 
Quality  Systems.  U.S.  Food  and  Drug  Administration,  Department  of 
Health  and  Human  Services,  Washington,  DC.  http://www.fda.gov/cdrh 
/comp/gmp.html. 

40.  Waldmann,  T.  A.,  S.  Dubois,  and  Y.  Tagaya.  2001.  Contrasting  roles  of  IL-2 
and  IL-15  in  the  life  and  death  of  lymphocytes:  implications  for  immuno¬ 
therapy.  Immunity  14:105-110. 

41.  Waldmann,  T.  A.,  and  Y.  Tagaya.  1999.  The  multifaceted  regulation  of 
interleukin- 15  expression  and  role  of  this  cytokine  in  NK  cell  differentiation 
and  host  response  to  intracellular  pathogens.  Annu.  Rev.  Immunol.  17: 
19-49. 


Downloaded  from  cvi.asm.org  at  USAMRIID  on  February  4,  2008 


